After the 1995 Hyogo-ken Nanbu (Kobe) earthquake (M7.2), the Research Group for Explosion Seismology (RGES) conducted a refraction seismic experiment in the northern part of the Awaji Island in order to investigate a detailed structure around the source region. In the surveyed area, 145 temporal observation stations were deployed two-dimensionally at 200-250 meters intervals, and 7 shots of 150 kg charges were detonated. Using the first arrival times, we derived a three-dimensional P wave velocity structure of the shallow crust in this region. A dominant feature was the low velocity in the northern part of the region as compared with the southern part. The averages of velocities in the northern area were 4.1 km/s (at a depth of 0.09 km) and 4.5 km/s (at 0.49 km). In the southern region, these were 4.9 and 5.2 km/s, respectively. The study region was mostly within the Cretaceous granitic rocks, and we cannot find a difference in geology that corresponds to the velocity variation. On the other hand, the Bouguer anomaly and the resistivity distributions are consistent with the lateral velocity difference.
Introduction
So far numerous tomographic studies have been carried out to image the 3-D velocity structure of the crust and upper mantle. However, few tomographic studies have been made for investigating the 3-D velocity variations in the very shallow portion of the crust. A detailed 3-D velocity model of the shallow crust is very important for understanding the depth of the surface geology, and would be very useful for strong-motion earthquake simulation studies.
The Hyogo-ken Nanbu (Kobe) earthquake (M7.2) occurred on January 17, 1995, and brought severe damage to the southern part of the Hyogo Prefecture. After this earthquake, various studies were carried out concerning the structure in and around the source region (e.g. Research Group for Explosion Seismology (RGES), 1997a and 1997b; Kurashimo et al., 1998; Sato et al., 1998; Zhao and Negishi, 1998) . RGES conducted a seismic refraction experiment in the northern part of the Awaji Island (RGES, 1997a) (Fig. 1 ). This experiment deployed 2-D geometry of observation lines within about a 5 km × 10 km region. The study region was almost within the Cretaceous granitic rock body (Fujita and Maeda, 1984; Mizuno et al., 1990) (Fig. 2) . The travel time data obtained by this experiment provided information on the lateral structural variation in the granitic rock body near the fault. Piao et al. (1996a) analysed the travel times along each
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profile line and estimated a 2-D P wave velocity structure down to a depth of 1-2 km for each line, respectively. The result showed that the velocity was much lower in the northern area (4.1-4.3 km/s) than in the southern area (5.2-5.4 km/s). This result is very valuable because there have been few studies concerning velocity variations within a granitic rock body. Piao et al.'s (1996a) study, however, is limited to a 2-D structure in the surveyed area. In order to confirm that such velocity variation exists within the granitic rock body in this region, we have to find out the velocity structure of the whole region by using a tomographic analysis. In the present study, we applied a tomography method developed by Onodera et al. (1998) , and obtained a 3-D P wave velocity distribution in the northern part of the Awaji Island.
Data
The core of the Awaji Island mainly consists of Cretaceous granitic rocks. In the middle part of the mountainous area, early to middle Miocene sedimentary rocks (Kobe Group) are overlying these granitic rocks. The early to middle Miocene Kobe group, the Plio-Pleistocene Osaka Group, the late Pleistocene deposits, and alluvium are distributed in the coastal area (Fig. 2) . Active faults, the Kusumoto, Higashiura and Nojima faults, run along a coast in a NE-SW direction. These faults are high-angle reverse faults with a right-lateral strike slip component. An earthquake fault appeared along the Nojima fault following the Hyogo-ken Nanbu earthquake (Nakata et al., 1995) .
The seismic experiment using explosive shots was conducted on December 14 and 15, 1995, in the northern part Locations of shot and observation points used in the present study. Numbers attached to observation sites correspond to those in Fig. 7 . The epicentre of the 1995 Hyogo-ken Nanbu Earthquake, active faults and presumed active faults by Nakata and Imaizumi (eds.) (2002) are also shown. Fujita and Maeda (1984) and Mizuno et al. (1990) . Stars and solid circles indicate shot points and observation sites used in the present study.
of Awaji Island (RGES, 1997a) . In this experiment, seven shots with a 150 kg-charge, T-1 to T-7, were observed at 145 temporal stations ( Figs. 1 and 2 ). Vertical component seismographs with a natural frequency of 2.2Hz (L22D, Mark Products Co.) were used and seismic signals were recorded by digital recording instruments. A sampling frequency was set at 200 Hz at 133 stations, which formed 2-D observation lines. Twelve stations were densely distributed around the central part of the study region and recorded signals of 100 Hz sampling frequency. We did not use these 12 stations because stations with 200Hz sampling provided enough data concerning the central part of the study region. Five out of 133 stations were located outside Awaji Island, and were excluded from this study. The data analyzed were travel times of first arrivals with a reading uncertainty smaller than 0.03 s. The numbers of stations and travel time data were 128 and 809, respectively. The quality of the record was mostly very good, and a reading uncertainty was within 0.01s for 85% of the data. Locations of shots and stations used in the present study are shown in Fig. 1 . RGES (1997b) conducted another seismic refraction experiment along the profile line with a length of 135.5 km, extending in a NE-SW direction from Keihoku Town, Kyoto Prefecture, to Seidan Town on Awaji Island, Hyogo Prefecture (Keihoku-Seidan Profile) (Piao et al., 1996b; Ohmura et al., 2001) (Fig. 1(a) ). This profile line overlaps the profile line between T-1 and T-6 of the present study. Onodera et al. (1998) developed a computer program for investigating a 3-D velocity structure in a volcanic area using natural earthquake travel time data. The ray-tracing algorithm in this program is based on the finite difference approximation developed by Podvin and Lecomte (1991) . This algorithm adopts Huygens' Principle for the determination of ray paths and is suitable for calculating travel times in a highly inhomogeneous velocity structure (Podvin and Lecomte, 1991; Onodera et al., 1998) . The observation equation is solved by using the damped least-squares method (Aki and Lee, 1976) . We modified this program so that it was applicable for the artificial sources used in the present study. We modeled a 3-D velocity structure by using a grid, and velocities at grid nodes were obtained by inversion. The interval of nodes was 1.1 km in the N-S and the E-W directions. In the vertical direction, grid nodes were distributed by 0.4 km spacing from 0.31 km above sea level. For calculating travel times, the region was divided into blocks 0.1 km × 0.1 km × 0.1 km in size. In the vicinity of a source, the block size should be small in order to reduce the error resulting from the plane wave approximation (Onodera et al., 1998) . Therefore, within 1 km from a source, the block size was set to be 0.01 km × 0.01 km × 0.01 km. The slowness in each block was calculated by linear interpolation using the velocities at eight grid nodes surrounding the block. We used a 1-D velocity model, shown in Fig. 3 , as the initial model. This was derived from Piao et al. (1996b) . For solving the normal equation, a damping factor which gave a stable solution with a good resolution was determined by trial and error. We used 1% of the largest diagonal element of the coefficient matrix as a damping factor. Figure 4 shows the result of a checkerboard resolution test (CRT). We alternatively assigned positive and negative velocity perturbations of 5% from the velocity model shown in Fig. 3 to the grid nodes and generated artificial travel times. Station and source combinations and the number of iterations were the same as those for the actual data. From  Fig. 4 , we can recognize that the checkerboard pattern was almost correctly recovered in the region where the resolution was greater than 0.5.
P Wave Velocity Model

Inversion procedure
Result
The velocity model obtained after eight iterations is shown in Figs. 5 and 6. The root mean square (RMS) of travel time residuals was reduced from 0.08 s to 0.02 s. Calculated travel times for the shots T-1 and T-6 are compared with observations in Fig. 7 . Though there is a small scatter of observed travel times around the calculated ones, the velocity model explains the observed travel times well. The velocity distribution reveals lateral structural variations. A dominant feature is low velocities in the northern part of the study region as compared with the southern part. The boundary between the lower and higher velocity areas is located about C-C line in Fig. 6 . Velocities at depths of 0.09 and 0.49 km were obtained with a good resolution. In the area on the north side of the C-C line, the averages of velocities are 4.1 km/s (at a depth of 0.09 km) and 4.5 km/s (at 0.49 km). In the southern area, these are 4.9 and 5.2 km/s, respectively. The average was taken over the grid nodes with a resolution larger than 0.5. At the depth of 0.09 km, a low velocity area with about 2.1 km/s is distributed near the coast.
A resolution at depth of −0.31 km is lower than that of CRT. This resulted from the difference in the velocity gradient near the Earth's surface. In the obtained model, ray paths are almost vertical near the Earth's surface because of a velocity increase in the vertical direction, and the ray coverage is not good in the shallow depth. On the other hand, in the CRT model, the rays cover a larger area than those of the obtained model, since the velocity gradient near the surface is very small, as shown in Fig. 3. 
Discussion
The prominent features found in Figs. 5 and 6 are the difference between the northern and the southern parts of the region, and low velocities along the coast. These features and the average velocities in the northern and the southern areas are consistent with the result of Piao et al. (1996a) (Komazawa, 2000) . Contour interval is 1.0 mGal. Grey stars and solid circles indicate shot points and observation sites, respectively. Active faults and presumed active faults (Nakata and Imaizumi (eds.), 2002) are shown bold and broken lines.
al. (1996b) also showed that the velocity in the northernmost part of the island was lower than the southern area down to a depth of about 5 km.
Comparing the velocity distribution with the geology (Fig. 2) , low velocities along the coast can be explained by distribution of the Neogene and the Quaternary sediments. However, we cannot find any difference in the geology between the northern and the southern areas that corresponds to the velocity variation.
Here, we compare our result with other geophysical data. The distribution of Bouguer anomalies (Komazawa, 2000) in the vicinity of the study region is shown in Fig. 8 . The Bouguer anomalies are small along the coast compared to the inland area. In the inland area, anomalies gradually become higher toward the south. A controlled source audiomagnetotelluric (CSAMT) survey was carried out in almost the same region as the present study (Ikeda et al., 2000) . The result obtained for 0 km (sea level) showed that the resis-tivity of the granitic rock body was lower in the northeastern part (200-500 -m) than in the southwestern part (500-1000 -m). These features of the Bouguer anomaly and resistivity distribution coincide with the velocity variation. The Bouguer anomaly depends mainly on the density of the rocks, and resistivity depends on some factors such as weathering, alteration and the water content of the rocks. Distribution of these geophysical data implies that the granitic rock body in the northern area is more strongly weathered and has a lower density than the southern area. This may be the main cause of the velocity difference found in the present study.
Conclusion
An intensive seismic refraction experiment was conducted after the 1995 Hyogo-ken Nanbu earthquake in the northern part of the Awaji Island by RGES (1997a) . Using the first arrival times obtained by this experiment, we derived a 3-D P wave velocity structure of the shallow part of the crust. A ray tracing algorithm based on the finite difference approximation and the damped least-squares method were used in the inversion procedure. The root mean square of the travel time residuals was 0.02 s for the final model. A dominant feature found in the result was that velocities were low in the northern part of the study region as compared with the southern part. The averages of velocities in the northern area were 4.1 km/s (at a depth of 0.09 km) and 4.5 km/s (at 0.49 km). In the southern area, these were 4.9 and 5.2 km/s, respectively. We cannot find the difference in geology that corresponds to the velocity variation, while the Bouguer anomaly and resistivity distributions coincide with our velocity model. Distribution of these geophysical data implies that the granitic rock body in the northern area is more strongly weathered and has a lower density than the southern area. This may be the main cause of the velocity difference found in the present study.
